OVERVIEW
The Engineering Analysis provides information on efficiencies, manufacturer costs, and other characteristics of the appliance class being analyzed. For clothes washers, there are two classes: standard and compact. Since data were not available to analyze the compact class, only standard clothes washers were analyzed in this report. For this analysis, individual design options were combined and ordered in a manner that resulted in the lowest cumulative cost/savings ratio. The cost/savings ratio is the increase in manufacturer cost for a design option divided by the reduction in operating costs due to fuel and water savings.
A significant amount of information gathering and analysis was conducted before the new interpretive rule process approach was implemented, therefore, some preliminary results are presented here as a point for discussion. The methodologies used in the final engineering analysis report will be addressed after consultation with stakeholders. Uncertainty and variability of data must also be addressed before the engineering analysis is completed. Other input from stakeholders is also encouraged for the final engineering analysis report. Alternative approaches can be explored or present approaches can be modified and refined. Also open for discussion is what variables or uncertainties need to be analyzed.
Baseline Units
A baseline unit is the starting point for analyzing design options for improving energy efficiency. In this report, the baseline unit represents a typical model with an energy efficiency no lower than the minimum required by the amended National Appliance Energy Conservation Act (NAECA) (Energy Factor A 1.18 ft 1 The Modified Energy Factor is a measure of energy efficiency derived from the future DOE test procedure for each product type. 2 efficiency. The maximum technologically feasible efficiency level must be either commercially feasible or available as a working prototype.
Efficiency Calculation
The efficiency levels corresponding to various design options were determined from manufacturer data and from engineering calculations.
Cost Estimates
Estimates of manufacturer cost were received in response to a questionnaire sent out by Lawrence Berkeley National Laboratory (LBNL) to the Association of Home Appliance Manufacturers (AHAM). Appendix A contains detailed incremental cost data disaggregated into labor, purchased parts and materials, shipping/packaging, and investment. The sum of individual design option costs were used for design options combined in this analysis (i.e., those not previously combined by AHAM or manufacturers).
Cost-Efficiency Relationships
The results of the Engineering Analysis are summarized in cost-efficiency relationships which show the efficiency and manufacturer cost of the design options.
Outputs from the Engineering Analysis
For each combination of design options considered in the analysis, the following are provided: energy efficiency (expressed as a Modified Energy Factor 1 and unit energy consumption); increased variable and fixed costs for manufacturers; annual energy consumption per unit (based on DOE test procedures); the relationship between cost and efficiency; and change in water consumption.
TEST PROCEDURE
Since this analysis is based on a future Department of Energy (DOE) test procedure, it is important to discuss proposed changes to the test procedure. The Department has proposed two new clothes washer test procedures in a Supplemental Notice of Proposed Rulemaking; Appendices "J" and "J1" [3] . In this report, the two new versions of the test procedure "J" and "J1" will be referred to as the "proposed" and "future" test procedure, respectively. The proposed (Appendix J) test procedure will take effect shortly after being completed and published in the Federal Register as a final rule. The "future" (Appendix J1) test procedure will take effect only when a new clothes washer standard is enacted. The Engineering Analysis presented in this report is based on the future (Appendix J1) test procedure.
The test procedure used in analyzing design options is important not only because of differences in the magnitude of energy savings predicted but also because it has the potential to change the ranking of design options. For example, the energy savings due to a thermostatically controlled mixing valve (TCMV) are dependent on the hot water temperature set point of the water heater.
Existing test procedure
The existing test procedure specifies 140°F inlet water and 416 clothes washer cycles per year [4] . The existing test procedure is carried out without a cloth test load for vertical axis clothes washers.
Proposed test procedure (Appendix J)
The Appendix J test procedure will not alter the existing energy factor of any clothes washer that is required to meet the current efficiency standard, except for clothes washers with temperature selections which are locked out of the normal cycles [5] . Test procedure changes include 1) a clothes washer use of 392 cycles per year, 2) clarification of wash/rinse temperatures to avoid ambiguity, 3) specification of agitation and spin speed settings, 4) addition of water heating clothes washer capability, and 5) new provisions to account for an automatic fill control feature. In addition, the following informational quantities are defined: 1) total (both hot and cold) water consumption, 2) remaining moisture content (RMC) in the test load after the final spin cycle, and 3) a calculated modified energy factor (MEF). The MEF will include the energy needed to dry clothes in a dryer after a final washer spin cycle . Determining the MEF will not be mandatory.
Future test procedure (Appendix J1)
This DOE clothes washer test procedure has been proposed in order to more accurately reflect actual energy usage and adapt to the continuing changes in clothes washer design. This test procedure will make some of the informational changes in the Appendix J test procedure mandatory [6] . Among the changes in the test procedure will be 1) new temperature use factors (TUFs), 2) lowering of the inlet hot water temperature from the existing 140°F to 135°F, 3) a water temperature rise change from 90 °F to 75 °F and 4) provisions to account for adaptive control and automatic fill control. In addition, clothes washer test loads will depend on washer capacity, remaining moisture content after a final spin cycle will be taken into account, and the MEF will replace the current energy factor (EF) for standard compliance. (Reporting of the energy factor (EF) will be kept for voluntary programs.) The above changes should result in a more accurate prediction of actual clothes washer and clothes dryer energy use.
ENERGY-USE AND COST ANALYSIS

Introduction
A cost and efficiency questionnaire sent to AHAM was responded to by five AHAM member manufacturers, however not every manufacturer provided energy-use and cost data for each design option considered. AHAM submitted energy usage data based on both the existing DOE test procedure and a proposed 2 AHAM test procedure. Differences between the proposed AHAM and future DOE test procedures are discussed in Appendix B.
After LBNL performed an initial engineering analysis, additional information was requested on combinations of design options, particularly for design options that could be used on both vertical and horizontal axis washers. Additional data were desired because inherent design differences between vertical and horizontal axis washers could result in different incremental costs and energy savings for a given design option. Certain synergies in cost and efficiencies could also result from combining some design options. The analysis performed was divided into two basic stages; Phase I and Phase II. Phase I is the analysis of the responses from the initial questionnaire and Phase II includes responses from additional data requests (e.g., combined design options and further disaggregated design options). Data from both Phase I and Phase II were used in the final analysis. Where possible, data submitted from Phase II were used. Data from Phase I were used when needed to analyze design options not covered in the Phase II data submittal. The raw data supplied by AHAM are provided in Appendix C.
Variability and Uncertainty Analysis
Because of large differences (in some instances) in cost and energy use data provided by manufacturers it is important to analyze the effect of variability and uncertainty in the data used in the engineering analysis.
Variability refers to differences in input values, for example, costs for a design option. Even if in some cases the manufacturers know how much a design option would cost them to implement, these costs may be different among manufacturers. Similarly for fuel costs, although current costs for fuel are known, fuel prices vary among electric or gas utilities. Uncertainty is a measure of how a data value may vary if the exact value is unknown. For example, although all manufacturers might agree on the probable cost of a design option, the exact cost may be unknown. Parameters with variability and uncertainty applicable to the engineering analysis include manufacturer cost, fuel price, usage in cycles per year, predicted energy savings, and water price.
To avoid releasing confidential information, AHAM submitted manufacturing costs and energy usage data as shipment weighted averages. Along with the actual values, information on the standard deviation of the data was also provided (see Appendix C). How these data should be used and whether or not an alternative metric (such as a range of submitted values) can be provided is open for discussion. Differences in how fixed and variable costs were submitted by AHAM may also be discussed (see Appendix A).
Data were also provided on confidence factors for: cost and investment data, mass production success, and marketing success. Of these, cost and investment data are directly applicable to the engineering analysis. Stakeholder input is requested in how to explictly utilize these confidence factors in the analyses.
One approach to account for variability and uncertainty would be to statistically determine which input variables have a significant impact on the output of the engineering analysis. This approach could similarly be used to measure the effect of input paramenter variability on the metrics used in determining what the appliance standard should be, if one is promulgated. This statistical approach could also be used to determine the frequency of occurrence of life-cycle cost reduction or of payback being greater than a specific value. Methods such as the one mentioned above have been used on other products to determine the affect of variability and uncertainty on consumer impacts (i.e., payback and life-cycle cost). However, these metrics are currently not the subject of the engineering analysis. In previous rulemakings, sensitivity analyses have been performed by assuming a high and low value for various data inputs (e.g., electricity price). Sensitivity analyses may be discussed in the future when doing consumer and national impact analyses.
Energy-Use
Adjustments had to be made to the data submitted by AHAM because 1) not all manufacturers provided data for all design options and 2) differences in the proposed AHAM and future (Appendix J1) DOE test procedures. Test procedure changes included adjustments in: 1) inlet hot water temperature, 2) TUFs, and 3) dryer usage factor (DUFs). Appendix B details the adjustments made to the AHAM data.
Cost/savings ratios were calculated for all individual design options (referenced to the baseline). As depicted in Eq. 1, the cost/savings ratio is the increase in manufacturer cost for a design option divided by the reduction in operating costs due to fuel and water savings.
(1)
where FCost mfr = Increase in manufacturer cost FCost operating = Reduction in annual operating cost Those design options with very high cost/savings ratios were identified and not combined with other design options in order to reduce the total number of combinations. Those not combined were: 1) added insulation, 2) increased motor efficiency, 3) direct drive motor, and 4) advanced controls.
Individual design options were also combined where possible to determine if greater possible energy savings were feasible. However, in some instances design options were not considered compatible with each other. For example, tighter tub tolerance was not combined with lower RMC options or horizontal axis designs because of greater possible tub deflection at higher spin speeds (which is one method of achieving lower RMCs). Improved fill control and automatic fill control were considered two distinct methods of achieving the same goal and were, therefore, not combined with each other.
Cost/savings ratios were calculated for various combinations of gas and electric water heaters and clothes dryers. Generally, design options were ranked and combined by lowest cumulative cost/savings ratio. Operating costs used in determining the savings portion of the cost/savings ratio were based on a weighted average of both gas and electric water heaters and dryers. The weighted average operating costs were derived by first calculating the cost in dollars per year required for heating water and drying clothes for each fuel type separately. Then average dollars per year were calculated for pairings of gas and electric water heaters, with similar averages calculated for combinations of gas and electric dryers. An average cost in dollars per year for water heating and clothes drying is then the sum of the water heater average and the clothes dryer average.
In some instances, other considerations took precedence when ranking design options. An example involves the horizontal axis and lower RMC designs where the RMC design option should precede the horizontal axis design option because it has a lower cost/savings ratio. However, since a horizontal axis machine may affect the cost and performance of adding on a RMC feature, horizontal axis was placed ahead of it. With regard to combined design options submitted by AHAM (some were submitted precombined in Phase II), if they had a lower cost/savings ratio than one of its single design option components, then the single (uncombined) design option was not used.
For some cases, it was not technically correct to simply add individual energy or water savings to determine the energy and water saved due to combined options. The following procedure was used in determining hot water energy for the improved fill control, automatic fill control (auto-fill), and TCMV design options. First, the energy for the individual design option was determined. Next, the ratio of the individual design option's energy use to the baseline's energy use was calculated. This ratio was then used to multiply the energy use of the immediately preceding design option to arrive at the lower energy use for the combined design option. Similarly the above method was used to determine the reduced water use for improved fill control and auto-fill control design options. Table 1 shows the assumptions made in order to carry out the energy-use and energy cost calculations. It was assumed for this analysis that the clothes load was not a function of clothes container volume. Appendix F discusses this assumption.
General Assumptions
Costing Data
All incremental manufacturer cost data are based on AHAM-supplied data. Disaggregated costs are shown in Appendices A and C.
Energy-Use and Cost Results
The energy use and cost of design options are shown in Table 2 .
The analysis was organized to allow maximum flexibility in selecting alternative efficiency levels for further study. Typically, an engineering analysis is based on arranging combinations of design options by lowest cumulative cost/savings ratio. Although this was the basic approach used, where this would limit choices of design options, additional design paths were created. For example, horizontal axis with recirculation was branched off of the basic horizontal axis path (itself a branch) to enable analysis of the different RMC options with horizontal axis without recirculation. Table  2 separates the design options into five categories (a,b,c,d,e). They are:
Category a: Vertical axis with RMC design options; Category b: Horizontal axis; `Category c: Horizontal axis with recirculation;
Category d: Vertical axis with tighter tub tolerance. This was separated from "category a" on the assumption that tighter tub tolerance is not compatible with lower RMC achieved by increasing the spin speed; and `Category e: Options not analyzed in combination with other design options.
The cost/efficiency relationship of the design options in Table 2 is shown graphically in Figure 1 . 
(2)
Headings used in Table 2 are described below.
Incremental Manufacturer Cost. This is the cost that would be incurred if the design option were required to meet a minimum efficiency standard and would therefore be mass-produced approximately at the same level as current production levels. For this reason some prices for models, such as horizontal axis washers, would be substantially lower than those currently on the market due to economies of scale. These values are based on data provided by AHAM.
Total Manufacturer Cost. This cost is determined by adding a design option incremental cost to the total manufacturer cost of the previous design option.
Hot Water Energy
Use. This is the energy content of the hot water supplied by the water heater external to the washing machine.
Machine Energy Use. This is the electrical energy input to the washer during a washer test cycle.
Total Washer Energy
Use. This is the sum of the hot water and machine energy use.
Dryer Energy Use. This is the amount of energy needed to complete the drying of the test load in a clothes dryer after the final spin cycle.
Total Energy Use with Dryer. This is the sum of hot water energy, machine energy, and dryer energy use.
Percent Improvement. This is the percent reduction in washer energy use (including dryer energy) over the baseline case.
Modified Energy Factor (MEF)
. This is the ratio of washer volume in cubic feet to total energy where the total energy includes the dryer (moisture removal) energy. MEF differs from EF in that the energy needed to dry clothes, after a spin cycle, is added to the total energy use. MEF is given in units of cubic feet per kWh per cycle. The following equation demonstrates how MEF is calculated.
Total Gallons. This is the total amount of water used per cycle, both hot and cold.
Water Consumption Factor (WCF)
. This is the total gallons of water used in a test cycle divided by the clothes container volume in cubic feet. Annual Energy Consumption. This is total washer and dryer energy usage in kWh for an entire year based on 392 clothes washer cycles per year.
Annual Water Consumption. This is the total water consumption in gallons (both hot and cold) in an entire year based on 392 clothes washer cycles per year.
Annual Operating Expense. This is cost in fuel and water to run a washing machine for one year plus the cost to dry the clothes as well. The dollar amount is reported in 1994 dollars.
Cost/Savings Ratio. This ratio describes the increase in manufacturer cost for one or more design options relative to the savings in annual operating expense. Table A .1 shows the manufacturer costs for standard clothes washers by design option. The cost data provided by AHAM are disaggregated into variable and fixed costs. The AHAM variable cost data were supplied as per unit costs and were disaggregated into the following three categories: material/parts, labor, and shipping. The AHAM fixed cost data, not supplied on a per unit basis 1 , were disaggregated into the following three categories: tooling, capital costs, and other. AHAM also provided a total per unit incremental manufacturer cost for each design option.
The columns labeled "Total Variable" and "Total Fixed" in Table A .1 were derived by LBNL and represent the per unit cost for each design option. The total per unit fixed cost was determined by subtracting the total per unit variable cost from the total incremental manufacturer cost. 
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APPENDIX B. ADJUSTMENTS TO AHAM DATA
Several adjustments were made to the data submitted by AHAM. These adjustments were made for the following reasons: 1) statistical variations, 2) normalizing, and 3) differences between the proposed 1 AHAM and future DOE (Appendix J1) test procedures.
B.1 Adjustments due to Statistical Variations
The first step in the analysis was to review the AHAM data. In some cases not all manufacturers responded to a particular design option. Because manufacturers provided different energy and water use estimates, an energy or water use change due to a design option modification can arise simply because a different number of responses are being used to calculate the shipmentweighted average. This situation arose in the analysis of several design options and, as a result, the energy or water use had to be adjusted.
The hot water energy and total water use for all vertical axis RMC design options were set equal to the baseline values. Hot water and total water use for horizontal axis designs with 50% and 40% RMC were set equal to that reported for the stand-alone horizontal axis design option. Total water use for the added insulation and direct drive motor design options were set equal to the baseline value. The mechanical energy for the added insulation design option was also set equal to the baseline value.
The clothes container volume (wash basket capacity) also varied due to statistical reasons. Where the clothes container volume differed, values were equalized and the MEF was recalculated. For the engineering analysis, clothes container volume was allowed to vary based on 1) axis orientation (vertical or horizontal) and 2) whether a recirculation design was incorporated. Thus, only three clothes container volumes were analyzed; one for vertical axis designs, another for horizontal axis designs, and one for horizontal axis with recirculation designs. Although the volume was adjusted as described above for the MEF calculation, it was assumed that all design options washed the same amount of clothes for purposes of calculating the clothes dryer energy required to dry the clothes. The issue of clothes load is discussed further in Appendix F.
B.2 Adjustments due to Normalization
In AHAM's Phase II data submittal, not all manufacturers provided data for every design option. However, a separate baseline (except for cost data) was provided for each "Phase II" design option. The energy use data for this separate baseline were based only on those responses from manufacturers who provided data for that design option. These "separate" baseline data were used to normalize the "Phase II" design option data to the five-respondent baseline used throughout the B-2 
B.3 Adjustments due to Test Procedure Changes
All of the data submitted by AHAM that was used in the analysis was based on a proposed AHAM test procedure. Thus, adjustments had to be made to the AHAM data so that they were in accordance with the future DOE test procedure (Appendix J1). This included adjusting the hot water energy use to reflect changes in both inlet water temperature assumptions and temperature use factors (TUFs). It also included changing the dryer usage factor (DUF) from 0.83 to 0.84. The hot water energy use adjustments are detailed below.
The future DOE test procedure assumes a value of 135°F for the hot water inlet temperature. The proposed AHAM's test procedure used a value of 130°F. Thus, the hot water energy use of all the AHAM design option data was corrected by using the following equation. The above adjustment not only affects total energy consumption but also the cost-effectiveness of certain design options. For example, in the case of TCMV, a higher assumed inlet water temperature results in greater energy savings.
The hot water energy use for the AHAM design option data were also multiplied by a correction factor that accounted for changes in assumptions regarding TUFs. The following table details the differences in the TUFs between the proposed AHAM and the future DOE test procedures. Warm Rinse 21-33% 27% 1 As noted on page B-1, in this report "proposed AHAM test procedure" refers to an early version of the AHAM test procedure which was used by manufacturers to submit data.
Based on the TUFs in the future DOE test procedure, a correction factor of 0.987 was derived and used to adjust the AHAM hot water energy use data. The derivation of this correction factor is outlined below: First, the following assumptions were made:
1) Clothes washer is a three-selection machine, i.e., wash/rinse temperature selections are hot/cold, warm/cold, and cold/cold.
2) Baseline hot water energy use is 1.574 kWh/cycle (note that this value has already been corrected for the future DOE test procedure's hot water inlet temperature).
The following equation for the total per-cycle hot water energy consumption is then taken from the proposed AHAM test procedure [1] .
where E = Baseline hot water energy use (kWh/cycle) V h,AHAM = Baseline hot water use based on proposed AHAM test procedure (gallons) The warm wash temperature is assumed to be the average of the cold and hot water inlet temperatures (i.e., a 50/50 mix of hot and cold water supplies). Thus, the amount of hot water used for the warm water wash is equal to half of that used for the hot water wash. This can be expressed with the following equation.
Substituting Eq. B.6 for H warm in Eq. B.5 we get the following equation:
Substituting both the proposed AHAM test procedure TUFs and the baseline hot water use in Eq. B.7, we can solve for H hot .
Since H warm is one-half of H hot , H warm is equal to 11.21 gallons.
Since the amount of water used in a hot wash cycle and a warm wash cycle is independent of the TUFs, the future DOE test procedure TUFs can be substituted into Eq. B.5 to determine the total hot water energy use based on the future DOE test procedure.
The correction factor (0.987) is simply the ratio of the total hot water use as determined with the future DOE test procedure TUFs (8.63 gallons) divided by the total hot water use as determined with the proposed AHAM test procedure TUFs (8.74 gallons). Table C .2 indicate how confident manufacturers are in 1) the accuracy of their cost and investment data and 2) their success at mass-producing and marketing a clothes washer with the prospective design option. Confidence levels are expressed as percentages with a higher value indicating increased confidence. Also included in Table C .2 are limiting performance factors for incorporating the design options in clothes washer designs. 
APPENDIX D. DRYER EFFICIENCY FUEL CORRECTION DERIVATION
An adjustment to the D ef (the amount of energy required by a dryer to remove moisture) was required for gas dryers because the value of 0.5 kWh/lb used in the future DOE test procedure (Appendix J1) was determined based on the use of an electric dryer. A correction factor was derived from data submitted by AHAM as part of their dryer data submittal [1] . The data is summarized in the following table. A simple ratio of the total drying energy can then be used as a correction factor to the D ef .
where GCF = Gas Correction Factor Thus, the energy required to remove moisture in a gas clothes dryer is represented by the following equation.
where D ef,gas = gas dryer energy required to remove moisture (kWh/lb) D ef = electric dryer energy required to remove moisture (kWh/lb)
To simplify the calculation of the energy expense of drying clothes in a gas dryer, all the energy used by a gas dryer is assumed to be priced at the cost of gas (including the small amount of electricity that is used).
